A mutant mini-Pl plasmid with increased copy number can be established in Dam -strains ofEscherichia coli, where mini-Pl plasmid replication is normally blocked. Comparison of this plasmid and a plasmid driven by the host oriC replication origin showed that both origins are subject to control by methylation at two different levels. First, both origins appear to be subject to negative regulation acting at the level of hemimethylation. This probably involves the sequestration of the hemimethylated DNA produced by replication, as has been previously described for oriC. Second, both origins show a positive requirement for adenine methylation for efficient function in vivo. This conclusion is supported by the behavior of the P1 origin in an improved in vitro replication system. In vitro, where sequestration of hemimethylated DNA is not expected to occur, the hemimethylated Pl origin DNA was fully functional as a template. However, the activity of fully unmethylated DNA was severely restricted in comparison with that of either of the methylated forms. This in vitro uncoupling of the two effects of origin methylation suggests that two separate mechanisms are involved.
The prophage of bacteriophage P1 is maintained in its Escherichia coli host as an autonomous plasmid whose replication is under stringent control. The plasmid has multiple adenine methylation (GATC) sites clustered within the origin, P1 oriR (2) (Fig. 1 ). This feature is rare among bacterial plasmids but is shared by the oriC system that replicates the host bacterial chromosome (38) (Fig. 1 ). Wild-type P1 miniplasmids cannot be maintained in strains that lack DNA adenine methyltransferase activity (Dam -strains) (2), suggesting a stringent requirement for adenine methylation for the origin to fire. However, origin methylation is not essential for oriC, as it is able to function in Dam -strains. Rather, oriC methylation is implicated in the timing of initiation within the cell cycle (8, 11) . Immediately following replication from the fully methylated oriC origin, the GATC sites are hemimethylated. This causes sequestration of the origin by binding to the bacterial membrane (32) . Sequestration prevents a second round of replication until methylation is completed, an event that takes a considerable portion of the cell cycle for the origin GATC sites (16) .
Although P1 oriR and oriC seem to respond differently to methylation, the similarity of organization of the origins and their methylation sites suggests some commonality of mechanism. We present studies that examine this possibility.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. The E. coli strains used for the in vivo studies were the Dam' strains MC1061 (30) and AB1157 (20) and Dam- strains S1540 dam::kan-16 (15), GM3819 dam::kan-16 (34) , and RS5033 dam-4 (28) . The high-copy-number P1 oriR plasmid pSP102 (33) and oriC plasmid pOC15 (31) were used. Plasmid pALA109 is a wild-type mini-Pl carrying P1 oriR and the complete P1 par region. It was constructed by ligating together the following three fragments: the 3.7-kb EcoRI-to-HindIll fragment from pALA33 (4) that encompasses the complete P1 * Corresponding author. Electronic mail address: Abeles@NCIF CRF.GOV. oriR replicon including repA and incA, the 3.3-kb Hindlll fragment from Tn5 that encompasses the kanamycin resistance gene (23) , and the 6.1-kb HindIII-to-EcoRI fragment from pALA17 (7) that encompasses the complete P1 par region. The HindIll fragment is oriented such that the neo gene (conferring kanamycin resistance) is located close to the P1 repA gene. Plasmids pDS596 (22) , pMQ148 (6) , and pSSH6 (37) were used to supply DnaA, E. coli Dam methylase, and T4 Dam methylase proteins, respectively. For the in vitro replication studies, the FII extract was prepared from strain C600 (5) . The phages used were flho (26) and its derivative, flPl, which was constructed as follows. The P1 oriR fragment from M13 P1 ori clone 49 (2) was digested with PstI and Bal 31, which removed all P1 bases up to bp 373, and then recircularized by ligation to a synthetic blunt-end linker containing an internal EcoRI site. The resulting circles were digested with EcoRI, and the EcoRI piece encompassing the P1 origin (bp 373 to 610) was then cloned into the EcoRI site of flho to form flPl. The insert is oriented such that the vector HincIl site is proximal to the left of the origin, as illustrated in Fig. 1 [aI-32P]dCTP by using a NEBlot kit (New England Biolabs) to a specific activity of 1 to 1.6 x 109 dpm/[jg.
Media, enzymes, buffers, special chemicals, and other techniques. Media, enzymes, buffers, chemicals, and other techniques were described previously (2) . Western blotting (immunoblotting) to determine the levels of DnaA protein was carried out as described elsewhere (36) with antiserum to DnaA kindly supplied by Jon Kaguni.
RESULTS
A high-copy-number P1 miniplasmid can transform Damstrains. A plasmid construct driven by the wild-type P1 plasmid replicon is unable to establish itself in Dam -strains (2).
However, the mini-PI plasmid pSP102, which lacks the P1 copy control element incA (33) , did give some transformants (Table  1) . This plasmid retains all the elements essential for replication, including the origin with its multiple GATC sites. However, in wild-type hosts, pSP102 is maintained at an 8-to 10-fold-higher copy number than wild-type mini-Pl plasmids (33) (Fig. 2) . In this respect, its behavior resembles that of oriC plasmids whose copy number is similarly elevated relative to that of the E. coli chromosome from which they are derived (39) (Fig. 2) . ' This high level of retention does not reflect stable maintenance of free plasmids. Rather, the strains grow poorly under selection and there is a strong selection for integration of the plasmid into the chromosome. When representative colonies scored as ampicillin resistant were recovered and retested, all were stably antibiotic resistant after a further 25 generations of growth without selection. Such clones all have integrated plasmid copies (Fig. 3) .
' These cells were continually induced for DnaA production from pDS596 by growth in the presence of 0.7% arabinose. Essentially the same results were found when the experiment was carried out with 0.1% arabinose or with no arabinose. Western blotting with antiserum specific for DnaA (36) showed that the presence of pDS596 in cells without arabinose gives no detectable increase in DnaA over the level normally present in plasmid-free host cells. Continuous induction with 0.7% arabinose gave at least a 50-fold increase in DnaA protein content (data not shown).
d NT, not tested.
sequences is the only required role for Dam methylase in the in vitro system (2). The copy number and maintenance efficiency of an oriC plasmid in a Dam -host are low. The similarity of the properties of mini-Pl and oriC plasmids on transforming Dam -cells prompted us to ask whether oriC plasmids were also poorly replicated and maintained once established in Dam -strains. Several pOC15 Dam -transformants (Table 1) were grown under ampicillin selection, and plasmid DNA was prepared from them. Approximately one-half of the clones contained small amounts of plasmid DNA, giving about eightfold less DNA than was recovered from the Dam' clones propagated under the same conditions (Fig. 2) . The rest of the Dam -clones showed little or no evidence of plasmid DNA (Fig. 2) . Southern analysis of these clones shows that additional copies of the plasmid are integrated into the chromosome (Fig. 3) .
Analysis of the maintenance stability of pOC15 in the Dam' and Dam -hosts is shown in Table 2 . As evidenced by loss of the ampicillin resistance marker, the Dam' cells retained pOC15 rather poorly when free of selection. The high loss rate observed is typical of oriC plasmids in wild-type hosts (39) . In contrast, the Dam -cells appear to retain pOC15 rather well (Table 2 ). However, the actual rate of loss of free plasmid from these clones appears to be much higher than indicated. In marked contrast to Dam' clones, these Dam -clones grow very poorly under selection, and the resulting colonies contain relatively few ampicillin-resistant cells (data not shown). The apparent retention of plasmid in the standard stability test is due to the generation of subclones whose ampicillin resistance is completely stable because of chromosomal integration (Fig.  3) . We conclude that the oriC plasmid is replicated very inefficiently in the Dam -strain. This leads to a much lower average copy number and very poor plasmid maintenance. These cells have a severe growth disadvantage when grown in the presence of ampicillin, and frequently variants are selected (10, 27) . However, the fully methylated template is superior to the other forms by a factor of 2 or 3 (10, 21, 277). Replication of hemimethylated DNA is specifically blocked when a membrane fraction is added to the in vitro system (27) .
We have previously described an in vitro replication system for P1 plasmid DNA and used it to show that origin methylation of the template is required for detectable initiation in vitro (2) . In Table 3 In contrast to the original system (2), the more sensitive system gives a low, but significant, level of incorporation with fully unmethylated DNA templates (Table 3) . This was not, apparently, due to endogenous methyltransf2-rase activity in the wild-type B. coli extract, because extracts firom dam mutant hosts gave a similar result (data not shown). I)etection of this background activity may be due to the increased sensitivity of the improved system. Unlike our previous experiments (2), those described in Table 3 
